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ABSTRACT
Evidence is presented showin, that the
presence of the commonly used citi-reflection
coating material, Ta20 5 , on the free surface
of contact metallization can either suppress or
enhance, depending on the system, the interaction
that takes place at elevated temperatures between
the metallization and the underlying silicon.
The Ta205 layer is shown to suppress both the
generation and the annihilation of vacancies at
the metal free surface which are necessary to
support metal-silicon interactions. Evidence is
also presented indicating that the mechanical
condition of the free metal surface has a signit-
icint effect on the passivating ability of the
Ta205 layer.
Introduction
Properly sintered contacts are essential to
ensure high Output from a solar cell. Good adhe-
sion and good electrical contact require that the
metallization be thermally treated subsequent to
deposition on the semiconductor surface. While
the sintering conditions for ohmic rear contacts
are not tco critical, times and temperatures
must be carefully chosen for the front contacts
because of the proximity of the junction.
Thermal treatment must in this case be thorough
enough to ensure good electrical contact but not
so severe as to cause degradation of the
junction.
During an investigation of the causes of the
low temperature power loss phenomenon known as
the flat-spot effect, it was determined that
sintering can cause localized dissolution of the
silicon substrate into the contact metallization
res-ilting in destruction of the junction in those
regions.
	
The resulting geometry is described
schematically in figure 1. As shown in the
figure, wE have found that a relatively low
temperature (400-500',) heat treatment can cause
a localized reaction between the metal and the
silicon substrate that results in the perforation
of the em i tter. In these regions metal-like
contact is made directly to the cell base. The
ec,jivalent circuit for this configuration, shown
in figure 2, insert, is that of a resistive
metal-semiconductor-like interface in parallel
with the original PN junction. The resultant
i-V characteristics of such a combination (known
as the flat-spot effect and observed most easily
at low temperature) is a result of summing the
normal PN characteristic with that of the MSL
interface (figure 2).
When the metallization is removed from a cell
that has been heat treated to induce flat-spot
behavior, the underlying silicon is invariably
observed to be pitted. In the case of the
normally used TiPdAg contacting, the pits are
regions where the silicon substrate has dissolved
into the contact metallization. In this particu-
lar materials system the reaction proceeds
rapiely when the temperature exceeds 450%.
In the course of our studies of the Si-TiPdAg
system it was observed that the application of
the commonly used anti-reflection coating
material, Ta 205, over the free surface of
the contact metallization could prevent the
interaction which causes pitting in t he under-
lying silicon. This effect is illustrated in
fi gure 3 for a cell that was heated for 2 hours
at 560% in an inert atmosphere. Prior to the
heat treatm-nt, one-hal, of this cell was coated
with 600 F of Ta20 5 . The figure shows the
border rf,gion between the coated and the non-
coated regions and, as can be seen, pitting is
completely suppressed in the region overcoated
with Ta205.
The purpose of this paper is to present the
results of our investigations into the causes of
the passivating effects of the Ta 20 5 over-
codting.
Basic Mechanism
As illustrated in figure 3, the T12O5
coating on the surface of the metallization
apparently prevents the reaction that would
normally take place between the silicon and the
adjacent titanium metal. In order to understand
the mechanisms operating here, it is helpful to
look closely at the details of the titanium-
silicon reaction. According to the literature
this reaction is unilateral, i.e., silicon dif-
fuses into the titanium with little or no diffu-
sion of titanium into the silicon. 2 It has
also been established that when two solids inter-
diffuse via a vacancy interchange mechanism, any
imbalance in the diffusion rates is compensated
for by a flow of vacancies in a direction
opposite to that of the faster diffusing
In the present case, therefore, thespe^i .3
unilateral flow of silicon atoms into the
titanium lattice requires an equal and opposite
flow of vacancies through t^^; metal toward the
.i
i
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silicon. The large volume of vacancies needed
to support the unilateral silicon diffusion must
be generated either at a free surface or in a
region of high lattice disorder. Indeed the
most likely source in this case is the free
surface o the contact metallization. Vacancies
generated at this surface must then diffuse
through the metal toward the silicon as required
to support the diffusion of silicon into the
metallization. It is suggested that the effect
of the Ta20S overcoating on the metal surface
is to disturb the vacancy generating ability of
this surface and th 5 to affect the rate of
silicon diffusion into the metal. The suppres-
sion of pitting by the Ta205 overcoating is,
therefore, explained by its ability to retard
vacancy formation at the free metal surface.
If the above reasoning is correct, the effect
of the Ta205 overlayer should vary depending
on the metallization system used. We should
expect different behavior, for example, between
systems in which silicon is the primary diffuser
(Ti 2 , Au4 , Fe s , A1 4 , Hf6 ), those in
which the metal is the primary diffuser (Ni,
Mg) 5 , and those in which the metal and the
suh^trat interdiffuse at roughly equal rates
(Pt', Pd^).
Effects of Lattice Disorder
Before discussing other systems, it should
be mentioned that there ;s one area where the
TaiOS overcoating is not effective in sup-
pressing pittinq in the TiPdAg system, i.e., at
the edges of the metallization. Figure 4 illu-
strates the failure of the T,205 overcoating
to suppress pitting at the metallization edges.
Pitting is observed along the edges of the
contact finger after heat treatment even though
the cell was overcoated with Ta2OS.
(Special care was taken here to ensure that all
metal surfaces, both normal and perpendicular to
the silicon surface were coated.) 	 In contrast,
the silicon surface under the rest of the metal-
lization is undisturbed.
The -au>e of this behavior is believed to be
the preserve' Of localized lattice disn rdrr along
the edges of the metallization woicn permits
vacancy generation in these regiors in spite of
the presence of a Ta205 layer. To illustrate
the v can;y generating ability of e disordered
metal surface, the folloting experiment was
ptrformeti. After evaporating TiPdAg over the
entire a,-ea of a 2 x 2 cm wafer, a vertical
stripe, a few mm wide, was made across the wafer
b y gently abrading the Aq surface with a
standard pencil eraser. The lower half of the
wafer was then coated with Ta 205 after which
it was subiected to a 560 * C, 2 hour heat treat-
ment. Figure S shows the resulting silicon
sur°ace after metal removal. As can be seen, the
silicon surface under the ahraded and overcoated
metal (lower,
 center) has become ,just as pitted
as the regions that had not been overcoated
lupper). On the other hand, the overcoated
regions that had not been abraded show no sign
of pitting.	 Also, a close look (figure 6)
reveals that the pits in the abraded region are
arranged in linear arrays parallel to the scratch
patterns that had been present on the metal
surface. The conclusion is, therefore,that the
damaged regions are apparently capable of supply-
ing a vacancy flux sufficient to support silicon
dissolution even though the metal surface had
been overcoated with Ta205.
Having established that lattice disorder in
the metallization can render the Ta 205
 over-
coating ineffective, the next task is to show
that the metallization edges are regions of
lattice disorder. We can do this by considering
the mechanical stresses generated in the cell
contacts due to the differences in thermal
expansion between the cell and the contacts.
Zeyfang, 8
 for example, has calculated the
magn i tude and distribution of the stresses
developed in a thin plate of finite dimensions
bonded to a semi-infinite substrate with a dif-
ferent thermal expansion coefficient. According
to these calculations, the stresses induced in
the plate as the temperature is varied are not
uniformly distributed. They are, in fact, found
to be cone-'ntrated almost entirely at the edges
of the plate. Depending on the circumstances
these stresses could exceed the yield point of
the plate and the resulting plastic flow would
result in a concentration of lattice disorder in
these regions. It is suggested, therefore, that
thermal excursions subsequent to the deposition
of the contact metallization are, in general,
sufficient to cause lattice disorder near the
edges of the contact metallization. These
regions would then act as vacancy sources and
support localized dissolution of the underlying
silicon even though a 'a 205 overcoating may
have been applied. it would follow that this
type of pitting should be able to be prevented
by eliminating large (T > 300 * C) temperature
excursions after metal deposition.
Effect of Various Metallization Systems
If the vacancy suppression mechanism is
correct, we should expect, as mentioned
previously .
 that the effectiveness of the
Ta 205
 overlayer would vary according t0 the
diffusion characteristics of the system. We
would expect, for example, that the overlayer
would be more effective in the case where
silicon is the primary diffuser than when the
opposite is true. To test this hypothesis, we
studied the interaction of silicon with three
classes of metals. The first group consisted of
those metals which, like titanium, do not diffuse
into silicon, i.e., Au, Fe, Hf, and Al. The
second Group, Pt and Pd, were those metals that
interdiffuse at roughly equal rates with the
silicon substrate. The third group consisted of
Ni and Mg which diffuse unilaterally into
silicon. i.e., with little or no silicon diffu-
sion into the metal.	 The silicon substrates
whn^
 IO ohm-cm resistivity, p-type, with phos-
phoroLs diffused junctions. Tht initial sheet
resistances were about 10 ohms. Both the metal
layers and the Ta2O5 overcoatings were
deposited via electron he,im evaporation.
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Before describing the results of these
experiments, it is useful to consider in more
detail the mechanisms operating in the TiPdAg
system. The fact that we are able to observe
the passivating effects of Ta205 on the
silver free surface implies that the other
inter faces, i.e., the TiPd and the PdAg inter-
fa.es , are not vacancy-producing regions. If
either one of these interfaces were active
vacancy sources, the effect of the Ta205 on
the free surface would be masked to a greater or
lesser extent by the flow of vacancies from these
other sources. Thus, even thouf,h the Ta205
layer is active in suppressin g vacancy genera-
tion, we may not be able to observe it because
of the action of the other interfaces in the
system.
Group I: In analogy to the TiPdAg system,
the first attempts with these metals involved
depositing a three component metal layer i.e.,
1000 A of the metal to be studied, 1000 d of Pd,
and 3 um of Ag. Half pf each sample was then
coated with abou. 600 J ej Ta205 after which
the wafers were :teat treated at 570% for 1 hot
in an inert atmosphere. Examination of the
resulting silicon surfaces indicated that in
every case pitting had occurred uniformly across
the samples. Since it was suspected that the
pitting may have been caused by vacancies genera-
ted at one of the internal interfaces, another
set of samples was prepared and processed, this
time eliminating the Pd layer and the interfaces
associated with it. The results in this case
(table I) did show evidence of the reaction
inhibiting effect of the Ta205 coat^ng.
Aluminum, which showed uniform pitting on both
the coated and the noncoated regions, was the
only metal that did not behave as expected.
While the AuAq sample showed a marked
decrease in pittinq on the coated side, the
pitting that did occur there suggests that the
Au-Aq interface may have some vacancv generating
ability. While the FeAg and the HfAq samples
snowed no pitting whatsoever, heet resistance
measurements showed significant.y lower values
on the coated side indicating a suppression of
the interaction there. The metal-silicon inter-
action in these two systems evidently proceeds
mo-e homogeously than in the titanium or the gold
systems. The failure of the AIAg system to show
less pitting on the coated side could possibly
tie due to si gnificant vacancy generation at the
AiAg inte rface. Also, the results ma y have been
influenced by th e proximity of the heat treatment
temperature to the Al-Si eutectic point (577%).
While the results for these systems are not
as clear-cut as those in the TiPdAg system, they
are all consistent with the vacancy suppression
model.
Group iI: For this run, 1000 A of either Pt
or Pd were de p osited, followed by 3 ,m of Aq.
Processin q was the same as for Group I. As seen
to the table, uniform pitting was observed in
both cases, and while it is uifficult, as
mentioned above, to draw Conclusions from
negative results, the data are not inconsistent
with the proposed mechanism.
Group IiI: 1000 A of either Ni or Mg were
deposTTJ under a 3 um layer of Ag. The samples
were then processed as before. Examination of
the result i ng silicon surfaces after processing
showed that in this case the Ta205 actually
enhances the metal-silicon interaction rate.
Figure 6 shows the silicon surfaces of a cell
that had been :ontacted with MgAg. The left
half of the cell was coated with Ta205 prior
to heat treatment. As can be seen, the wafer is
more Beverly pitted where they had been
overcoated with Ta205.
This behavior can be explained using the
vacancy suppression model if one makes the
assumption that a surface that is a poor source
of vacancies also is a poor sink for vacancies.
We will assume, in other words, that the
Ta205 overcoating suppresses not only the
generation but also the annihilation of vacancies
at the free surface. If this is so then the
large volume of vacancies that is Je: ng pumped
into the metallization by the unilateral diffu-
sion of metal atoms in the opposite direction
will be reflected rather than absorbed at the
overcoated free surface. This has the effect of
raising the vacancy concentration in the sample,
thus enhancing the metal-silicon reaction rate.
The data from these th-ee sets of experi-
ments thus appear to be consistent with the
%205
 vacancy suppression model.
Conclusions
The maor conclusion; to be drawn from the
preceding analysis are:
1.	 Silicon-metal reactions in s y stems in
which silicon is the primary diffuser
can be suppressed by overcoating the
as-deposited metal with Ta?05. This
has been demonstrated for the TiPdAg,
AuAq, FeAg, and HfAg metallization
systems.
The Ta205 overcoating ha; no effect
in systems in which both .ilicon and the
contacting metallization interdiffuse at
equal rates. This has been shown for
the PdAg and the PtAg system;.
3. Silicon-metal reactions in systems in
which the metal atom is the primary
diffuser can be enhanced by a Ta205
overcoating. This has been demonstrated
for the NiAg and the MgAg metallization
systems.
4. The Ta 205 overcoating apparently
prevents both the generation and the
annihilation of vdeancle^ at the free
metal surface which are necessary to
support the metdl-silicon interaction.
ORIGINAL PAGE IS
OF POOR QUALITY
5. The TaJ05 overcoating is not effec-
tive if the metal surface is highly
Lisordered.
6. The edges of the cell metallization have
been found to be sites of considerahle
lattice disorder due to differences in
thermal expansion coefficient between
the silicon substrate and the contacting
metal.
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Table I - Silicon surface pitting atter 1 hour,
570%. inert atmosphere.
With	 Without
TaZO5 	Ta20r,
Group I
	
AvAq	 light pitting	 heavy pitti-iq
	FeAq	 none, R s . 65 ohm/(T	 none, Rs . 85 ohm/(!
	
HfAq	 none, R s . 85 ohm!()
	
none, Rs - 105 ohm/,
	
AIAq	 uniform pitting
Group 11
	PtAq	 uniform pitting
1 JAq	 uniform pitting ---
Group III
	NiAq	 very heavy pitting
	
heavy pitting
MgAq	 very heavy pitting	 heavy pitting
4
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CONTACT METALLIZATION
Figurt. L - Schematic cross section showing result of localized metal-
silica; irterdiffusion.
ac
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1• 1gure Z - Schematic diagram of FS mechanism. Solid curve
Is sum of PN and MSL characteristics.
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Ta205 OVERCOATING
-- --	
^— Ti-Pd-Ag
ii
/— SILICON
Figure 3. - Effect of Ta205 Owercoatur^ on silicon surface pitting heat treatment,
560 °C for 2 hr, inert atmosphere.
Figure 4. - Pitting observed at metallization
edges after 2-hr. 560° C heat treatment
with Ta205 overcoat applied.
"T
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ABRADED
AREA
Figure 5. - Effect of surtace abrasion on
T3205 P,assivation. Silicon surface,
metallization removed.
Figure 6. - Magnified view of silken surlaie under abraded area
of fit±nre 5.
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I figure 7. - Sihom surface of ,) MgAg
cintacted cell. Ta205 coating on left
halt caused severe pitting during heat
treatment.
